Reinforced concrete structures, especially those in marine environments, are commonly subjected to high concentrations of chlorides, which eventually leads to corrosion of the embedded reinforcing steel. The total time to corrosion of such structures may be divided into three stages: corrosion initiation, cracking, and damage periods. This paper evaluates, both empirically and experimentally, the expected time to corrosion of reinforced concrete structures. The tested reinforced concrete samples were subjected to ten alternative curing techniques, including hot, cold, and normal temperatures, prior to testing. The corrosion initiation, cracking, and damage periods in this investigation were experimentally monitored by an accelerated corrosion test performed on reinforced concrete samples. Alternatively, the corrosion initiation time for counterpart samples was empirically predicted using Fick's second law of diffusion for comparison. The results showed that the corrosion initiation periods obtained experimentally were comparable to those obtained empirically. The corrosion initiation was found to occur at the first jump of the current measurement in the accelerated corrosion test which matched the half-cell potential reading of around −350 mV.
Introduction
Reinforced concrete in severe environments, such as that subjected to high percentages of chlorides, is deteriorating at a quick rate and requires special design consideration to extend its service life. The most critical factor for this deterioration is the corrosion of embedded reinforcing steel [1] . The corrosion requires the chlorides from deicing salts, groundwater, or seawater to penetrate the concrete cover and reach the reinforcing steel. Once the percentage of the chloride around the steel bar exceeds the threshold needed for corrosion initiation, the corrosion starts and is then followed by propagation through steel bars, which eventually leads to a mass loss and destruction of the concrete cover.
Chloride permeability is a significant property of the concrete representing its resistance to chloride ingress. This property directly affects the time for chlorides to reach the reinforcing bars and, consequently, the corrosion initiation time. Most of the models used for corrosion prediction [2, 3] account for the resistance of concrete to chlorides. Concrete with low permeability and dense microstructure proved to extend the time needed for corrosion to occur [4] . In fact, the total time to corrosion for reinforced concrete structures can be increased using high performance or less permeable concretes [5, 6] . Hooton et al. [5] tested the effect of six curing regimes on the chloride diffusion coefficients of three different mortar mixtures. They studied the effect of these curing techniques on the time to corrosion for different concrete covers using predictive model. The results from their investigation showed that the mixture composition and curing regimes have a significant effect on the chloride diffusion coefficients and consequently on the predicted times to corrosion [5] . The assessment of chloride permeability of concrete can be performed using one of the following standard tests: rapid chloride penetration test [7] and/or chloride bulk diffusion test [8] . The difference between the two tests in determining the chloride permeability is insignificant [9] . Recently, different models were developed [10] for predicting the time to corrosion of reinforced concrete structures based on the chloride permeability of concrete. Most of these 2 Advances in Civil Engineering models, such as that proposed by Boddy et al. [2] , calculate the initiation period as a function of the chloride diffusion through the concrete using a simplified Fickian diffusion approach. The propagation period in these models, however, is not related to the chloride permeability and is usually taken as a constant period starting after the end of the initiation period.
Ehlen et al. [3] also developed another model for predicting the time to corrosion of reinforced concrete structures. Their model was used in developing a commercial software program for predicting the time to corrosion initiation of the structure using some initial inputs parameters. This model is similar to the more complex model proposed by Boddy et al. [2] . The initiation period in this model also relies on the chloride permeability of concrete. However, it accounts for both time and temperature in calculating the coefficient of diffusion of concrete.
On the other hand, El Maaddawy and Soudki [11] developed a mathematical model capable of predicting the time from corrosion initiation to corrosion cracking. Their model uses Faraday's law to relate the steel mass loss to the internal radial pressure as a result of the expansion caused by corrosion products. However, their model did not account for any change of concrete mixture properties (chloride permeability) or curing conditions.
Other researchers have focused on measuring the chloride threshold value and the chloride transport rate based on experimental tests and/or field results. Trejo and Pillai [12] proposed a model for predicting the chloride transport rate in reinforced concrete structures based on the results of an experimental investigation. In their experiment, the diffusion of chlorides towards the steel bars was accelerated by applying a potential gradient across two electrodes. An anode was embedded at the bar surface, while a cathode was placed in a chloride ion solution of 3.5% concentration. The corrosion initiation was detected by evaluating the polarization resistance of the steel reinforcement by a statistical analysis procedure.
Accelerated corrosion test has been widely used among researchers to induce corrosion of steel embedded in concrete in a relatively short period. This test employs an electrical current along with chloride solution to accelerate the process of corrosion initiation [13] . Although the corrosion initiation times obtained from such accelerated test may be different from the real conditions of structures, it can be used for comparative studies to evaluate the corrosion performance of different concrete mixtures or curing conditions [14] . The accelerated corrosion test has a wide application in studies evaluating the structural performance of corroded reinforcement regarding shear, bond, cover cracking, and flexural strength [15] [16] [17] [18] . Moreover, some researchers used the accelerated corrosion test for predicting the time to corrosion based on cumulative damage theory [19] .
The current available time to corrosion prediction models are relatively new and need further investigation. In addition, there are limited experimental test methods available in the literature to study the time to corrosion of reinforced concrete. The main purpose of this investigation was to experimentally investigate the time to corrosion of concrete samples to illustrate the different corrosion stages during the entire life of the structure. The investigation includes a comparison between the corrosion initiation times obtained experimentally and those predicted by Fick's second law of diffusion. The effects of concrete cover, concrete quality, and curing condition on the chloride permeability and time to corrosion of the concrete are also studied and discussed in this investigation.
Research Objectives and Significance
It is not certain whether the current available corrosion prediction models can predict the actual corrosion stage in concrete structures. It is also not certain if the chloride permeability measured experimentally using ASTM C1556 [8] can be used in the prediction models to calculate the actual corrosion stage at any time. The purpose of this paper was to experimentally measure the different times to corrosion (corrosion initiation, cracking, and damage periods) of concrete samples using an accelerated corrosion technique and compare the results to those calculated using Fick's second law of diffusion, which is based on the chloride permeability of concrete. The paper is of special interest to designers concerned with the time to corrosion of reinforced concrete structures, as it demonstrates and discusses the different corrosion stages undergone during the entire service life.
Experimental Program
A self-consolidating concrete mixture was used in this investigation. The mixture was cured for a total period of 28 days under ten different curing techniques yielding ten different concrete qualities. The experimental program was divided into two parts. In the first part, 50 concrete cylinders were cast. These concrete cylinders were used in testing the compressive strength and the chloride permeability of the concrete. The chloride permeability was examined using the rapid chloride penetration test (RCPT) and chloride bulk diffusion test according to ASTM C1202 [7] and ASTM C1556 [8] , respectively. Based on the results obtained from the chloride bulk diffusion test (ASTM C1556), the apparent chloride diffusion coefficient ( ) and the diffusion decay index ( ) at 28 days were calculated for the ten samples representing the ten different curing techniques. The values of and were then exploited for predicting the time to corrosion of each concrete sample by applying Fick's second law of diffusion.
In the second part, an accelerated corrosion test was implemented on 80 concrete prism samples containing one embedded steel bar at the middle of each prism. The prism samples were cast with the same mixture and cured under the same ten different curing techniques in order to measure the corrosion initiation, cracking, and damage periods for all tested samples. The accelerated corrosion test was utilized to compare the predicted results obtained from the first part (Fick's second law of diffusion) with those obtained experimentally. In the accelerated corrosion samples the corrosion process was monitored by recording the current passed time and by taking half-cell measurements on a daily basis.
Materials and Mixture Design.
In this study, type GU Canadian Portland cement, similar to ASTM Type I, with a specific gravity of 3.15, was used for the mixture. Natural sand and 10 mm maximum size stone were included as fine and coarse aggregates, respectively. The coarse and fine aggregates each had a specific gravity of 2.70 and water absorption of 1%. A high range water reducer admixture (HRWRA), similar to ASTM Type F [20] , was applied to attain the required slump flow diameter of the mixture. Reinforcing steel bars with the same diameter (20 mm) were used for the 80 prism samples. Table 1 presents the mixture proportions and the amount of HRWRA added to achieve a slump flow of 650 mm, as per ASTM C1611 standard [21] . The samples (prisms and cylinders) were then cured under ten different curing techniques, as described in Table 2 . The curing techniques were divided into four general categories, including air curing at 23 ∘ C, water curing at 23 ∘ C, heated-water curing at 50 ∘ C, and cold-air curing at 3-5 ∘ C. At 28 days, all the samples were removed from the different curing spots and left to dry before testing. The cylinders from each curing regime were tested to measure the compressive strength and chloride permeability for each curing system. Meanwhile, the 80 prisms were used in the accelerated corrosion test.
Casting, Curing

Accelerated Corrosion Test Setup.
The accelerated corrosion setup was performed as shown in Figure 1 . The samples were connected to a DC power supply acting as an anode (+), while a steel mesh was positioned under the samples as a cathode (−). The samples were connected as parallel connections to the circuit board to maintain a constant voltage of 12 volts throughout the whole experiment. The 80 samples were totally submerged in a 5% NaCl solution, as seen in Figure 1 [22] . The 80 prism samples were tested in two separate stages, including a nonsevere corrosion stage (40 prism samples) and a severe corrosion stage (40 prism samples). The samples tested in the nonsevere corrosion stage were denoted by 1, while those samples in the severe corrosion stage were numbered as 2. In the nonsevere corrosion stage, the samples were removed from the tank once the first crack was detected. On the other hand, the severe corrosion stage samples were left in the tank until sufficient damage (4 mm crack or more) was observed in the sample. The 40 samples in each stage were divided into four groups of ten prisms based on four concrete covers (20, 30, 40 , and 60 mm) and ten curing techniques (1 through 10). The samples were designated based on the stage of corrosion, cover thickness, and curing technique. For example, the sample tested in stage 1 (nonsevere corrosion stage) with a 40 mm concrete cover and cured in water for 28 days (curing technique 2) was designated as 1-40-2. The corrosion activity was monitored daily for the 80 prism samples based on the values of the electrical current passed in each sample. The probability of corrosion was alternatively monitored using the half-cell potential test [23] by measuring the potential difference between the embedded steel bar and a reference electrode (copper-copper sulfate electrode). The readings were stopped upon reaching the first crack in the nonsevere corrosion stage and upon the appearance of a 4 mm thick crack in the severe corrosion stage.
Corrosion Initiation Time Prediction Using Fick's Law of Diffusion
Alternatively, the initiation period was calculated for ten selected samples (60 mm cover only) by means of Fick's second law of diffusion. After measuring the apparent chloride diffusion coefficients ( ) and the diffusion decay index ( ) for each sample, the following assumptions were made to predict the time to corrosion initiation of each sample under different curing systems.
(i) The structure has a clear concrete cover of 60 mm.
(ii) The chloride threshold value is 0.05% (% weight of concrete) as given from the literature [3, 12] .
(iii) The chloride diffusion is the dominant mechanism and is governed by Fick's second law of diffusion in the following differential equation [24] :
where = the chloride content, = the apparent diffusion coefficient, = the depth from the exposed surface, and = time.
(iv) The chloride diffusion coefficients (at 28 days) decrease periodically as a function of time because of the cement hydration process. As a result, the chloride diffusion should be calculated at different time periods using [25] (v) The diffusion decay index ( ) of the ten selected samples was kept constant at = 0.33. This value was calculated using (2) by substituting the measured value of the diffusion coefficient at the age of 180 days of a concrete sample using curing technique 2 ( 180 = 4.07 × 10 −12 m 2 /sec) with reference to 28 = 7.52 × 10 −12 m 2 /sec ( Table 2 ).
The surface chloride concentration ( ) of the simulated structure had reached a maximum value at the start time of chloride diffusion. This maximum surface chloride concentration was assumed as = 0.8% weight of concrete to simulate structures located in marine splash zone [25] . In addition, this assumed value was very close to the average values obtained from the ten selected samples in the chloride bulk diffusion test as per ASTM C1556 [8] . The solution for estimating the time of corrosion initiation was implemented using a finite difference application of (1) . The values of the chloride diffusion coefficient were varied at different time steps using (2) until the value of chloride concentration near the rebar surface reached the chloride threshold value (0.05% weight of concrete). At this stage, the time was reported, indicating the corrosion initiation for each sample. Table 2 show that different curing techniques had a significant effect on the RCPT results. These results ranged between 2072 and 3700, which are classified as moderate penetrability, as per ASTM C1202. The curing technique with the minimum chloride permeability was technique number 2, which involved curing the samples in water for 28 days at 23 ∘ C. On the other hand, the maximum permeability was associated with technique number 10, which involved curing the samples in heated water at 50 ∘ C for a period of 7 days. Cold-curing samples (techniques 5, 6, and 7) had an average permeability of 2716, which was lower than the air-cured samples (technique 1). Table 2 also showed that all water-curing techniques (2, 3, and 4) had close RCPT permeability results. However, increasing the water-curing period at 23 ∘ C slightly decreased the chloride permeability (2130 to 2072 coulombs). With regard to the effect of cold-air curing, the chloride permeability in technique 7 (cured in cold air for 28 days) was higher than technique 1 (cured in normal air for 28 days). Moreover, when the samples in techniques 5 and 6 were subsequently cured in cold air after water-curing periods, the permeability was increased by approximately 15%. It is obvious that heat-cured samples (techniques 8, 9, and 10) exhibited the maximum average chloride permeability. It is also clear that as the heat-curing period increases, the total charge passing increases, which represented higher permeability. The minimum RCPT between heat-cured samples was obtained from technique 8, followed by technique 9, and finally technique 10. However, the difference between techniques 8, 9, and 10 was not significant.
Results and Discussions
Effect of Different Curing Techniques on the Chloride Permeability. The results presented in
Alternatively, the results from the chloride diffusion test also indicated a significant effect of the curing techniques on Advances in Civil Engineering the chloride permeability. It is clear from Table 2 that a minimum chloride diffusion coefficient of 7.52 × 10 −12 m 2 /sec was associated with the sample that had the minimum RCPT coulombs (technique 2). Moreover, a maximum value of 18.0 × 10 −12 m 2 /sec was obtained from technique 10, which indicated the maximum chloride permeability. In fact, the effect of using different curing techniques on the chloride diffusion coefficients yielded an identical effect to that on the RCPT permeability.
Corrosion Initiation, Cracking, and Damage Times.
Both of the electrical current readings and half-cell potential measurements were used to detect the corrosion initiation in the tested prism samples. Figure 2 demonstrates the general trend of the relationship for each of the current and half-cell readings versus time (sample number 1-60-2 as an example). The time of the corrosion initiation was detected at the point of the jump (sudden increase) in the current reading. It is clear from Figure 2 that the corrosion initiation occurred just after reaching a minimum value of the passing current of 21.2 mA, which was followed by a sudden increase in the current (top part of Figure 2 ). This point was also confirmed from the half-cell potential reading (−352 in Figure 2 ) when a 90% probability of corrosion was achieved (potential values around −350 mV, as per ASTM C876). It should be noted that that the critical value of half-cell potential reading (−350 mV) cannot be solely used to detect corrosion initiation, as it can be overpassed during the first few days of testing, as seen from Figure 2 . As a result, both the current and halfcell potential reading measurements were simultaneously checked to detect the corrosion initiation point.
By reviewing the electrical current and half-cell readings, the "corrosion initiation" was identified for each tested sample (Table 3) . On the other hand, the cracking time was recorded for each tested sample once the first visual crack was observed. The results of the cracking times for all samples are shown in Table 3 . In addition, the damage times for the tested samples were detected in the severe corrosion stage when a minimum crack width of 4 mm was observed (Table 3) .
Effect of the Concrete Cover Thickness on the Corrosion
Initiation, Cracking, and Damage Times. The results showed a minimum initiation period of 1 day associated with samples 1-20-1, 1-20-7, and 1-20-10, which had the minimum concrete cover along with high chloride permeability. On the other hand, the maximum period of 53 days was obtained from sample 1-60-2 with a 60 mm cover, as expected. This sample had a superior performance owing to the minimum chloride permeability along with the biggest concrete cover, which increased its resistance to corrosion. The concrete cover significantly affected the corrosion initiation times, as expected, because it provided resistance to corrosion [10] . For instance, the 20 mm cover had an average initiation period of 1.5 days, while the average initiation periods for 30, 40, and 60 mm covers were 5, 14, and 37 days, respectively (Table 3 and Figure 3 ). It is also clear from Figure 3 that increasing the concrete cover from 20 to 60 mm increased the time of cracking. A minimum average time of about 3 days was obtained from the 20 mm samples; followed by the 30 mm samples, which took 9 days to crack; and then the 40 mm samples, which took an average of 18 days to crack. The maximum average time was 43 days and was obtained from the 60 mm cover samples, as expected. These results match the results of other studies that demonstrated the effect of the concrete cover on the time of concrete cracking [10] . Figure 3 also shows that 60 mm cover samples exhibited longer times to reach a crack of 4 mm (damage times) compared to 40, 30, and 20 mm cover samples. The differences between the time of cracking and the time of damage were showed to be approximately constant in the 20, 30, and 40 mm cover samples. The average differences were 8, 9, and 11 days for the 20, 30, and 40 mm cover samples, respectively (Table 3) . However, the 60 mm samples had relatively higher differences between the time of cracking and the time of damage, as the average difference of these ten samples was 26 days. These results were attributed to the fact that at the 6 Advances in Civil Engineering Table 3 stage of damage the effect of concrete resistivity (in terms of chloride permeability or chloride diffusion) was not a factor since the cracks were already open for chlorides to reach the reinforcing bars. However, the relatively higher difference that occurred in the 60 mm samples may be attributed to the longer time the 4 mm crack took to show on a higher cover thickness.
Effect of Different Curing Techniques on the Corrosion
Initiation, Cracking, and Damage Times. Figure 3 shows that different initiation times were warranted for each curing technique associated with a certain concrete cover. It is obvious from the figure that minimum initiation periods were obtained from curing technique 10 (heat curing at 50 ∘ C). The maximum initiation periods were seen in samples cured Advances in Civil Engineering 7 using technique 2 (water curing at 23 ∘ C). It is also clear that normal water-cured samples (techniques 2, 3, and 4) had the maximum times to corrosion, higher than both cold air-cured (5, 6, and 7) and heated water-cured (8, 9, and 10) techniques. In addition, the normal-temperature air-cured sample at 23 ∘ C (technique 1) had longer initiation periods than all heated water-cured samples. However, the differences among the normal water-cured, cold air-cured, and heated water-cured samples were not significant. For example, in 60 mm cover samples these differences ranged from 50 to 53 days, 42 to 46 days, and 18 to 21 days for normal water-cured, cold air-cured, and heated water-cured samples, respectively ( Table 3) . The results also showed that increasing the water-curing period from 3 to 28 days (at 23 ∘ C) increased the corrosion initiation times by approximately 6%. On the contrary, increasing the cold air-curing times (at 3-5 ∘ C) from 21 to 28 days yielded a 9% reduction in the corrosion initiation times. Moreover, extending the heat-curing periods (at 50 ∘ C) from 1 to 7 days was found to minimize the corrosion initiation times by almost 15%.
On the other hand, different curing techniques showed different cracking times between the ten samples with the same concrete cover (20, 30, 40 , and 60 mm). The first cracked samples were those cured in air and heat, followed by cold-cured samples, and finally the water-cured samples. For example, in the 60 mm cover samples, heatcured samples cracked at an average of 24 days, followed by air-cured samples (at 23 ∘ C), and then cold-air samples (at 3-5 ∘ C), which cracked at an average of 25 and 49 days, respectively. The last samples were the water-cured samples at 23 ∘ C; those samples showed an average cracking time of 62 days. These results were attributed to the low concrete resistivity of the samples cured in heat (technique 10) and the high concrete resistivity of the samples cured in normaltemperature water (technique 2). This resistivity was also observed from the results of the RCPT and chloride diffusion tests.
It can also be seen in Figure 3 that different cracking times were obtained in each curing technique based on the curing period applied in the technique. For example, in 60 mm cover samples, increasing the water-curing period from 3 to 28 days resulted in an extension of the cracking times by approximately 10% (Table 3) . Extending the cold air-curing period (at 3-5 ∘ C) from 21 to 28 days in the same cover samples was found to decrease the cracking times by nearly 6%. Moreover, longer heat-curing periods (at 50 ∘ C) in 60 mm samples yielded a reduction in the time to cracking by about 15%. It should be noted that the trends obtained from 60 mm cover samples were almost identical in other concrete covers (20, 30 , and 40 mm).
The effect of the curing period on the damage times was found to be relatively insignificant compared to the same effect on the cracking times. For instance, when the watercuring period (at 23 ∘ C) was increased from 3 to 28 days in 60 mm cover, as an example, the time to damage increased by nearly 3% only (Table 3) . On the other hand, increasing the cold-air curing (at 3-5 ∘ C) from 21 to 28 days, or the heat curing (at 50 ∘ C) from 1 to 7 days, resulted in a reduction in the damage periods by almost 3%. These results may also be attributed to the increasing width of cracks at this stage, which minimized the contribution of the concrete resistivity. Table 3 presents the results of the corrosion initiation periods obtained from the accelerated corrosion test and the expected periods obtained from Fick's law of diffusion. Only 60 mm cover samples were included in this evaluation. To simplify the comparison, the results of the accelerated corrosion test and the predicted values from Fick's law were normalized as a percentage of the maximum period obtained from sample 1-60-2. The results from the accelerated corrosion test are described as a percentage of days with respect to sample 1-60-2, while the results from Fick's law are shown as a percentage of years with respect to sample 1-60-2 ( Figure 4) . It is obvious from Figure 4 that the differences between both methods (accelerated corrosion versus Fick's law) were almost nonsignificant. It should be noted that the accelerated corrosion test in this investigation cannot be used to predict the actual corrosion time of reinforced concrete structures. However, it was used in this investigation as a comparative study only to check the effectiveness of Fick's second law based prediction model and to illustrate the different corrosion stages during the overall service life of the concrete structure.
Comparison of the Corrosion Initiation Times from Fick's Law and Accelerated Corrosion Experiment.
Conclusions
The following conclusions were drawn from this investigation.
(i) Water curing for a period of 28 days (at 23 ∘ C) proved to be the best curing system (compared to air, cold, and heat curing) in terms of compressive strength, chloride permeability, and corrosion resistance. The 28-day water-cured samples (curing technique 2) had the longest times to show signs of corrosion initiation, cracking, and damage among all tested samples, under the curing conditions of the present tests.
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(ii) Among all tested samples, the first samples that showed corrosion initiation, cracking, and damage were those cured in heated water for 7 days at 50 ∘ C.
(iii) Increasing the water-curing period from 3 to 28 days (at 23 ∘ C) in techniques 2, 3, and 4, regardless of the concrete cover thickness, decreased the chloride permeability, increased the 28-day compressive strength, and increased the corrosion initiation, cracking, and damage times by approximately 6%, 10%, and 3%, respectively.
(iv) The increase in the cold air-curing times (at 3-5 ∘ C) from 21 to 28 days in techniques 5, 6 , and 7 for all tested concrete covers maximized the chloride permeability, reduced the 28-day compressive strength, and yielded a reduction of the corrosion initiation, cracking, and damage times by about 9%, 6%, and 3%, respectively.
(v) Extending the heat-curing periods (at 50 ∘ C) from 1 to 7 days in techniques 8, 9, and 10 for all concrete cover samples was found to reduce the corrosion initiation, cracking, and damage times by almost 14%, 15%, and 3%, respectively.
(vi) The trend of the results of the corrosion initiation periods obtained from the accelerated corrosion test was similar to that obtained from Fick's second law of diffusion for counterpart samples, under the same assumptions of the present study.
(vii) The results of the electrical current readings concur with those of the half-cell potential measurements in all tested samples. The corrosion initiation was found to occur at the first jump of the current measurement and at half-cell potential reading values around −350 mV, which indicate 90% probability of corrosion, as per ASTM C876.
